Abstract: Densities of osteons and osteon fragments at the midshafts of the femur, tibia, fibula, humerus, radius, ulna and clavicle are examined in a sample of contemporary human males and females (n = 39; 23 female, 16 male), with comparative data derived from one specimen each of Gallus gallus and Felis silvestris catus. Results demonstrate that there are significant differences in mean complete and fragmentary osteon densities among bones and between the sexes. We suggest that these patterns are less a simple reflection of the so-called "Wolff's law," but instead represent not only remodeling in response to loading, but also underlying intrinsic developmental parameters specific to each bone. Given the diversity of locomotor patterns of the three species, and the resulting differences in loading environments of their limbs, this histomorphological pattern suggests that remodeling is an inherently complex phenomenon, subject to local intrinsic developmental factors in addition to mechanical loading.
INTRODUCTION
The emergence and development of the mammalian skeleton is an exceedingly complex process, largely under genetic control, but with some influence by each bone's mechanical environment [1, 2] . However, in recent years several aspects of that process have become significantly clarified. Among the most important is an accumulation of evidence suggesting that osteoblast behavior is highly conserved [3] [4] [5] . Despite an enormous range of body mass, actual microstrain experienced by mammalian bones has been found to fall within a very narrow range [6] [7] [8] [9] [10] [11] . This raises the strong possibility that osteoblast response protocols are highly conserved, and do not vary substantially from one mammal to another. Such a view has also received strong support from studies of limb bud dynamics [4, 5] . These suggest that differences in the structure and form of the skeleton can be traced to early initial differences in the disposition of positional information (PI). Thus, morphological differences between species owe their existence almost exclusively to differences in pattern formation rather than to speciesspecific programmatic differences in the anabolic behavior of these cells (including osteoblasts). There are some obvious areas where this is probably not entirely the case, such responses to loading within epiphyseal plates. However, it is still very likely that throughout the metamorphosis of each skeletal anlagen into its adult structure, the location, speed, and composition of bone deposition depend primarily upon the inherent "programming" of osteoblasts provided by their PI, and that these protocols are very probably highly conserved among mammals. Thus, it is changes in the form and composition of anlagen and their precursive mesenchymal *Address correspondence to this author at the Department of Clinical Anatomy, New York Chiropractic College, 2360 State Route 89, Seneca Falls, NY 13148-0800, USA; Tel: 315-568-3210; E-mail: rwalker@nycc.edu structures (as well as simultaneous alterations in the structure and composition of their soft tissue envelopes) that serve as the primary locus for skeletal evolution. These are "translated" into adult structure by conserved response protocols resident in the osteoblast and other connective tissue components. Understanding the evolutionary process, therefore, requires a thorough knowledge of the behavioral repertoire of mammalian and vertebrate osteoblasts and the nature of their systemic response systems.
A number of approaches have been taken to further refine our understanding of osteoblast behavior, including a long and varied history of observing the effects of disease processes, trauma, and clinical intervention, direct experimental manipulation of bones, systemic modeling, and behavioral observation analysis. Recently, individual cell behavior has also become a focus of study. The present contribution is an attempt to add to our knowledge of osteoblast response patterns by means of whole skeletal analysis. We do so by an intensive histological survey of the entire long bone skeletons of a normal mammal and bird, and compare these data with similar data from a sample of modern humans. We reasoned that close examination of the differences and similarities in the distribution of bone type, histological structure, and geometric properties might provide useful information about the complex behavior of bone tissue.
A number of types of adult mammalian bone have been recognized. For the most part it is lamellar, consisting of progressively deposited layers whose included blood channels do little to disturb its general arrangement. However, this type of bone only characterizes animals in which growth rate and size permit it. In mammals, in which growth rates are too rapid, plexiform or laminar bone is deposited instead [11] . In the domestic cat the size and growth rate permit the deployment of "classical" lamellar bone, and as in other species, including humans, much of this bone is later subjected to repair and replacement by more "modular" lamellar bone in the form of novel haversian systems. We therefore reasoned that the distribution and pattern of occurrence of these secondary systems might prove informative about the general nature of the behavior of bone tissue and its included cells.
As just noted, often in the development and maintenance of lamellar bone, factors such as repair and/or responses to novel mechanical loading require its form and/or internal composition to be altered, or remodeled. Mammalian skeletal remodeling is affected by many primary factors, including the endocrinological environment. Mechanical loading, which may vary from location to location within the skeleton and within each individual history, is an important but largely secondary determinant. For example, in individuals with paralysis or paresis from various spinal birth defects, the femur continues to grow to its normal length and to obtain virtually normal morphology. However, the quantity and quality of its cortical bone suffers. Indeed, as a consequence of differential mechanical loading, different skeletal elements within the same limb, and from side to side in contralateral members of bone pairs. While the phenomenon of skeletal remodeling has been the subject of intense scrutiny for the last several decades, intraindividual variations in the basic parameters of mammalian and vertebrate cortical bone remodeling have not been systematically investigated such that variation can be more readily understood. This research reported here addresses this basic problem.
Haversian remodeling is traditionally presumed, in part, to reflect response to mechanical forces that bone is subjected to during life [11] . Histomorphological variation within and among bones may thus reflect life history, once "background" variation attributable to other causes is understood. The standard paradigm of skeletal remodeling, often based around assumptions of the so-called "Wolff's Law," [12] portrays remodeling of skeletal elements as an adaptive response of bone tissue to the mechanical loads imposed upon it. In recent years, the validity of this assumption as the sole basis of skeletal remodeling has come into question [5, 13, 14] . To test some of these assumptions, we here examine variation within and among skeletal elements and across species, both at the tissue level and the whole bone level. Previous work has demonstrated bilateral symmetry in density of haversian structures (complete and fragmentary osteons per square millimeter in cross section) in cats [15] , chickens, and the human forelimb [16] . Remodeling at the microscopic level is also correlated with remodeling and morphology at the macroscopic level [17] . Bilateral asymmetry, either at the whole bone level or at the histological level, may reflect asymmetry of loading history. We here assess bilateral symmetry at the whole bone level by examination of the cross sectional geometric properties of bones (area moments of inertia, polar moments of inertia, and cortical bone cross sectional area). We also examine differences in remodeling in different skeletal elements and between forelimbs and hindlimbs [18] [19] [20] [21] .
Density of Haversian structures, defined as complete and fragmentary secondary osteons (i.e., haversian systems) per sq. mm. of bone in cross section, are used in numerous ways by anthropologists and other investigators to assess age at death [17, 22, 23] , activity levels [11, and references therein], status of health and disease [24, 25] ), and populational variation [26] . While multiple locations throughout the skeleton have been examined to assess osseous histomorphology, a systematic overview is generally lacking of the histology of the entire skeleton. Toward this end, we here examine the histomorphology of the midshafts of the major long bones of the human skeleton, and include comparisons to other vertebrates of diverse locomotor styles.
METHODS
Variation in histomorphology can occur both within a single bone and among different skeletal elements. Variation can also occur between species. Here we examine all three levels of variation.
We collected data of a number of types. We examined densities of secondary osteons and osteon fragments per sq. mm. at the midshafts of long bones in a sample of contemporary adult human males and females (n = 39; 23 female, 16 male). We also calculated densities of secondary osteons and osteon fragments in 14 pairs of human ulnae in order to quantify differences between sides in Homo sapiens. The right ulnae of these pairs are part of the larger human sample.
To examine intrabone variation, the major long bones of one specimen each of Gallus gallus (domestic chicken) and Felis silvestris catus (domestic cat) were sectioned at multiple locations along their lengths, including the midshafts. The specimen of Felis silvestris catus was a young adult female domestic shorthair. The specimen of Gallus gallus was a young adult White Leghorn male. No other information is available regarding these specimens. Additional specimens of other taxa, especially wild specimens, are desirable. These will be the subject of additional studies.
We examined the femur, tibia, humerus, radius, and ulna of all three species. The clavicle in Homo sapiens and furculum ("wishbone") in Gallus gallus were also examined. Felis silvestris catus is functionally aclaviculate (the bone is reduced to a sliver embedded in muscles cranial to the shoulder joint and has lost its connection to the rest of the skeleton [27] . One of the implications of the so-called "Wolff's law" is that bone remodels primarily in response to mechanical loads. We hypothesize that the different loading patterns necessitated by the diverse locomotor patterns of the three species included in this analysis should be apparent if this is the case.
In the specimens of Felis silvestris catus and Gallus gallus, each bone was transversely sectioned at 9 points at intervals of 10% of the bone's total length. The human bones were sectioned only at the midshaft, equivalent to the 50% segment in the bones of Felis silvestris catus and Gallus gallus. Undecalcified thin sections were made at each location. Cross-sectional properties were calculated for each section, including total and cortical area, as well as area moments of inertia and polar moment of inertia [28] . Comparisons of histomorphometric and cross sectional parameters, including complete and fragmentary secondary osteons per square millimeter (i.e., osteon and fragment density) in the section and percent of section composed of haversian bone were made between proximal and distal limb segments, between serially homologous fore and hindlimb bones, and between contra-lateral members of pairs of bones. Proximodistal variation within bones was also examined by collecting data at each of the 9 sections made at 10 % intervals of the bones' lengths.
For human specimens, data collected include: secondary osteons per sq. mm.; fragments of secondary osteons per sq. mm.; and fraction of section composed of solid bone estimated via a grid system. Fraction of the section composed of solid bone gives an estimate of the area of the section that has been resorbed by osteoclastic activity. This was estimated by counting the intersects that overlaid areas of resorbed bone using an eyepiece reticule embedded with a nine-by-nine grid [29] . The percentage of intersects that take place over resorption spaces gives an estimate of the percentage of the section that has been resorbed. Subtracting this figure from 100 gives the estimate of the percent of the field composed of solid bone. Once the portion of the field composed of haversian bone is known, the density of osteons and osteon fragments per square millimeter in that fraction of bone can be calculated. Derived data thus include the number of secondary osteons and osteon fragments per square millimeter normalized by percent of field composed of solid haversian bone. For the 14 pairs of left and right human ulnae, total and cortical area, area moments of inertia, and polar moments of inertia were also calculated for comparison with similar data from Felis silvestris catus and Gallus gallus.
RESULTS
Comparisons can be made among species, among bones within species, between fore and hindlimbs, between sides, and within individual bones, at both microscopic and macroscopic levels. Both birds and mammals exhibit haversian remodeling within cortical bone [30] . Therefore, remodeling at the microscopic level in both these taxa can be compared directly with that of humans. Since all three species have a dramatically different locomotor style, under the assumptions of the so-called "Wolff's law" we would expect that differential loading of the appendicular skeleton would manifest in histomorphology and/or gross morphology. Presence or absence of these differences can aid in interpreting the role of differential loading in determining macroscopic and microscopic cortical bone morphology.
Intrabone Variation: Comparative Histomorphology
In Felis silvestris catus, the amount of haversian (i.e., remodeled) bone varies substantially from one section to another, and from one long bone to another. A definite trend emerges from an examination of the entire feline skeleton with respect to the diaphyseal distribution of secondary haversian systems. There is a clear proximodistal reduction in the number of complete and fragmentary secondary osteons within each individual long bone, with the exception of the humerus, where the trend is less obvious ( Table 1) . The limb bones of Gallus gallus show a somewhat different pattern, wherein the midshaft regions of the bones show a greater amount of remodeling and osteoblastic activity, while the proximal and distal portions of the bones are generally more quiescent ( Table 2) . All bones examined, with the exception of the furculum, were composed of haversian bone. The chicken and cat were both young adult specimens. Some osteon fragments were observed in Felis silvestris catus, though they were very infrequent. Additionally, osteons in Felis silvestris catus were considerably larger than those in Gallus gallus. As a result, the osteons denisities are considerably higher in Gallus gallus than in either Felis silvestris catus or in Homo sapiens. The furculum in the specimen of Gallus gallus examined here was quiescent and unremodeled.
Within the skeleton of Felis silvestris catus, there are regional differences in the distribution of haversian structures. In the femur, there is a dense concentration of osteons located posterolaterally, in the region of the linea aspera. In the tibia, the same patterns emerge as in the femur, but there are concentrations of osteons associated with the three corners of its essentially triangular cross section. The feline tibia has dense concentrations of osteons and substantial amounts of haversian bone anteriorly, which become progressively less dense in the distal-most few segments, while other regions of the tibia appear more variable. The anterior concentration of osteons and amount of haversian bone in the tibia corresponds to its sharp anterior border. The feline humerus, radius, and ulna also show concentrations of osteons at sharp borders, for example, at the interosseous crests and supracondylar ridges. These are areas of concentrations of Sharpey's fibers which likely influence remodeling rates, because entheses are known to be under specific local control.
In marked distinction to Felis silvestris catus, Gallus gallus demonstrates a much more general distribution of osteons throughout the cortex, while at the same time showing a much higher concentration of vascular channels. As noted above, the individual haversian systems in Gallus gallus are smaller than those in Felis silvestris catus or in Homo sapiens. The limb bones of Gallus gallus, by contrast to Felis silvestris catus or Homo sapiens, are generally round to oval in cross section and do not demonstrate sharp interosseous borders. Likewise, they do not demonstrate the localized concentrations of secondary osteons seen in Felis silvestris catus. We suggest that sites of muscle attachment, and therefore the distribution of Sharpey's fibers, may be more diffuse and or more periosteal in Gallus gallus.
The bones of the antebrachium show greater remodeling activity than the brachium or the bones of the hindlimb, as evinced by densities of complete and fragmentary osteons. In Felis silvestris catus, the right antebrachium demonstrates higher numbers of haversian structures per square millimeter than the left (Fig. 1) . In both Felis silvestris catus and Gallus gallus, the forelimb has a higher density of haversian structures than the hindlimb, and the radius and ulna more than the humerus, but there is no left-right asymmetry in the forelimb of Gallus gallus, nor in the hindlimbs of either species ( Table 1) . In Homo sapiens there is no significant difference in density of haversian structures between forelimb and hindlimb, and, as will be discussed below, no evidence of bilateral asymmetry (see Table 4 ).
There are similar patterns of remodeling between Gallus gallus and Felis silvestris catus (Tables 1 and 2) . While Gallus gallus has two to three times the density of channels for blood vessels as a comparable section in Felis silvestris catus, both exhibit a very similar pattern; that is, in both taxa and in all bones examined, the highest densities of structures are near midshaft. Further, in both Gallus gallus and Felis silvestris catus, higher densities are found in the forelimb than in the hindlimb. In both species the radius and ulna exhibit higher densities of secondary osteons and fragments than do other limb bones. The major difference between the two species is that the midshaft humerus is relatively more remodeled in Gallus gallus than in Felis silvestris catus.
There is also a proximodistal gradient in densities of haversian structures in Felis silvestris catus, with higher densities in the more proximal sections of the bones, while in Gallus gallus, greatest concentrations are at midshaft with a definite reduction in density toward the proximal and distal extremities ( Tables 1 and 2 ).
Interbone Variation: Bilateral Comparisons
A complete or partial secondary osteon (haversian system) is an indication of a bone remodeling event. In Felis silvestris catus the right radius and ulna demonstrate the highest remodeling activity based on this observation, particularly at their proximal extremities ( Table 1) . This implies asymmetric remodeling of the antebrachium in Felis silvestris catus. The humerus, both in terms of overall size and remodeling activity, resembles more closely the tibia and femur in contradistinction to the other forelimb bones. Moreover, haversian remodeling in left and right humeri in Felis silvestris catus is symmetrical. Both fore and hindlimb bones in Gallus gallus are also symmetrical in their remodeling (Fig. 2) . The asymmetry noted in the Felis silvestris catus forelimb is not present in Gallus gallus; nor is it present in Homo sapiens, as will be discussed below. The above results suggest an hypothesis: that forelimb remodeling is asymmetric due to differential limb use from side to side. Some evidence suggests that cats, like many mammals, have a tendency to use one forelimb preferentially in manipulating their environments [31] [32] [33] . There is some evidence that forelimb preference has a genetic basis in mammals [34, for example]. This could possibly explain the forelimb asymmetry noted in Felis silvestris catus if haversian remodeling is, in fact, solely a reflection of imposed mechanical loads on bones. If this were indeed the case, then corroborative evidence should be available from the bones of Homo sapiens (It should be noted, however, that the total number of haversian structures is low in all the bones of Felis silvestris catus examined here. The bones are not highly remodeled and the side to side differences between the left and right radii and ulnae may well be due to sampling error.) The bones of Gallus gallus were also examined for evidence of forelimb remodeling asymmetry, as were the forelimbs of Homo sapiens (Fig. 3) . It was hypothesized that the chicken would show no asymmetry in its forelimbs, since it was highly unlikely that there could be a preference for greater use of one wing over the other. Humans obviously demonstrate handedness, and in the case of elite athletes such as tennis players, the dominant arm has been demonstrated to show higher bone mineral density and greater bone width than the nondominant arm [35] . (The same group of researchers, however, found no side-to-side differences in upper limb bones following an asymmetric weight training program among non-elite athletes). This suggests, along with evidence from the cat skeleton, that the bones of the human antebrachium should demonstrate asymmetry in remodeling. This would accord with the assumptions of the standard paradigm of skeletal remodeling. As hypothesized, the chicken skeleton did not show evidence of bilateral asymmetry (Fig. 2) . There is no statistically significant difference from side to side. To examine asymmetry in haversian remodeling in humans, undecalcified thin sections were made of the midshafts of 14 pairs of human left and right ulnae. Osteons and fragments per square mm. were examined in four fields located anteriorly, posteriorly, medially and laterally around the perimeter of the midshaft. Cross sectional geometrical properties were also calculated for these midshafts, including cortical area, endosteal area, anteroposterior area moment of inertia, mediolateral area moment of inertia, and polar moment of inertia. Cross sectional geometric properties were size normalized by ulnar length. Wilcoxon signed rank tests demonstrate no significant differences between left and right sides in either haversian structures or cross sectional properties at an experiment wise alpha (Bonferroni corrected) of .05 ( Table  3) . The standard paradigm would suggest that there should be asymmetry in these properties, given the distinct handedness expressed in human beings. However, no such asymmetry is in evidence. Alternatively, if skeletal anlagen are "translated" from early development to adult structure by conserved response protocols resident in the osteoblast and other connective tissue components, then we would expect there to be no significant difference between sides, and indeed we should see similar responses across vertebrate taxa. Results here collectively support the latter view, and since there was an absence of asymmetry within the human specimens, the most likely explanation of any differences seen in the cat specimen was simply sampling error.
Interbone Variation: Geometric Properties
Geometric properties of long bone cross sections putatively reflect the results of skeletal growth and remodeling at the macroscopic level, just as histomorphology is believed to reflect these processes at the microscopic level. As with histomorphometric properties, substantial variations in geometric properties were present from one bone to another in our sample ( Table 3) . Cross sectional geometric properties observed include normalized anteroposterior area moment of (Figs. 4-6) , normalized mediolateral area moment of inertia (I ml ) (Figs. 7-9 ) and normalized polar moment of inertia (J) (Figs. 10-12) . I ap is a measure of the relative resistance to bending along the anteroposterior axis of the bone, I ml of the relative resistance to bending along the mediolateral axis, and J a measure of the relative resistance to torsional deformation [36] . Additionally, cross sectional cortical area (Figs. 13-15 ) and endosteal area were calculated for each section. If there are bilateral differences in mechanical loading of bones, and if bone responds primarily to adapt to these differential loadings, we would expect to see asymmetry in these various parameters. However, in general, contralateral members of pairs of bones resemble each other substantially in their cross sectional geometric properties (Figs. 4-15) . In Figs. (4-15) , the graphs present averages for Fig. (7) . Normalized mediolateral area moment of inertia (NI ml ) by bone and side in Felis silvestris catus. Norm alized a-p area m om ent of inertia all 9 sections in each bone in Felis silvestris catus and Gallus gallus. The data for Homo sapiens represents the midshaft of the bone. Side to side comparisons in Felis silvestris catus and Gallus gallus of normalized cortical area, normalized I ap , normalized I ml and normalized J demonstrate the general similarity of size and shape for all these geometric properties in both species examined along the length of the bone shaft. Despite apparent differences in microstructure from side to side in the forelimb of the cat, there is no disparity at the macroscopic level. The same appears to be true of humans ( Table 2) . Differences between left and right midshaft human ulnae are nonsignificant at an experiment-wide alpha level of .05.
Interbone Variation: Homo Sapiens
Data from Felis silvestris catus and Gallus gallus, and data from the human ulna sample, support the hypothesis that bilateral symmetry in bone macro-and micromorphology is due to underlying genetic and developmental control, and is largely unaffected by differential use from side to side under ordinary circumstances and normal ranges of loading. A further question arises in how histomorphology varies from bone to bone within the skeleton. To explore this question, the midshafts of the right femur, tibia, fibula, humerus, radius, ulna and clavicle were examined in a sample of human skeletons (n = 39; 23 female, 16 male). The ulnae in this sample include the right side members of the 14 pairs of ulnae observed for side to side differences. Histomorphometric data were normalized to account for bone resorption by recomputing osteon and fragment densities per sq. mm. on only that percent of the field of view which has not been resorbed. The resulting normalized densities of osteons and fragments per square millimeter are therefore densities of just the unresorbed bone that remains in the section. Therefore, these can be directly compared to data from midshaft sections of the same bones in Felis silvestris catus and Gallus gallus.
The most prominent difference in the human sample occurs between the sexes. Females show considerably greater numbers of fragments per sq. mm. than do males. Osteons and osteon fragments are relics of the remodeling process and serve as proxies for remodeling events. It is well established that human females, particularly following menopause, demonstrate greater rates of bone resorption and remodeling of remaining bone [17, 37] . In this sample, females show greater numbers of osteon fragments for all bones examined ( Table 4) . Females also show greater amounts of resorption in all bones, except the clavicle and fibula (Fig.  16) . There are significant differences in mean complete and fragmentary osteon densities among bones ( Table 4 ). The proximal bones of both upper and lower limb show lower osteon and fragment densities than do the more distal elements. This echoes our findings for Gallus gallus and Felis silvestris catus as noted earlier. In Homo sapiens, a two way ANOVA with sex and bone types as main effects demonstrates that sex is not a significant factor affecting osteon density, whereas osteon densities are significantly different among bones ( Table 5) . By contrast, a similar analysis demonstrates that element type within the skeleton is not a significant factor affecting the density of osteon fragments. However, there is a significant difference in mean osteon fragment density between males and females ( Table 6 ).
Fore Limb -Hind Limb Comparisons in Homo sapiens
The forelimb and the hindlimb are loaded in different manners during locomotion. This is obviously Table 7) . This parameter is a measure of the amount of resorption of bone, and likely reflects the differential effect of osteoporosis on the upper and lower limb. Interestingly, in Felis silvestris catus, the forelimb has significantly higher osteon and fragment densities than does the hindlimb.
Principal Components Analyses
Principal components analysis (PCA) provides a means with which to examine variation within a data set by summarizing them as a series of orthogonal axes. These axes, or principal components, are so arranged that variance away from each axis is minimized. Each component thus accounts for a percentage of the variance in the sample. The first component explains the largest percentage of variance, the second the second highest percentage of variance and so forth [38] . The principal components derived are not correlated with one another, but the variables which describe the sample can be correlated with them to one degree or another. By this means, the variance in a sample defined by a number of variables can be reduced to a number of principal components. The correlation of variables with these components can then be used to describe how well the components explain variance within the sample.
For the human data, PCA was performed using fraction of the field of view composed of solid bone, normalized osteons per sq. mm. and normalized osteon fragments per sq.
mm. as the variables in the analysis ( Table 8 ). The first two principal components extracted account for over 74 % of the variance in the sample. For the first principal component, normalized osteon density loads highly positively, while fraction of solid bone in the section loads highly negatively. Thus, it appears that this component represents variation in haversian remodeling from bone to bone as measured by osteon density, and accounts for about 40% of the variation in the sample. For the second principal component, the fraction of the field composed of solid bone and the normalized density of osteons per square millimeter load negatively, while normalized osteon fragments load highly positively. This factor appears to represent the secondary remodeling of already existing haversian bone, and accounts for an almost equal portion of the variation in the sample (about 35%). For the third principal component, all three variables load positively, osteon density and fraction of solid bone in the section especially so. This factor accounts for 25.6% of the variation in the sample. Both osteon density and fragment density load positively on the first principal component, though osteon density loads higher than fragment density. Fragment density, however, loads extremely positively on the second component while both osteon density and percent of field composed of solid bone load negatively. Osteon fragment density stands out distinctly on the second principal component.
A second PCA was conducted on data available for Homo sapiens, Felis silvestris catus and Gallus gallus. Variables included in the analysis included three histological variables: osteons per square mm., osteon fragments per square mm., and percent of the field composed of haversian bone. They also include two measures of bone mass or robusticity: normalized cortical area and normalized endosteal area; and three measures of bone cross sectional geometry: normalized I ap , normalized I ml , and normalized J. While principal components analysis extracted 7 principal components, the first four of these account for over 90 % of the variance in the sample ( Table 9 ). The first principal component accounts for 45.5 % of the variance in the sample. The three measures of bone geometry load very highly positively on this component, and the two measures of bone mass load moderately high on this component. Two of the three histomorphological variables load negatively on this component. While all the measures of bone strength and mass have been 
DISCUSSION
Given the diversity of locomotor patterns of the three species examined here, and the resulting environmental differences in the loading of their appendicular skeletons, the histomorphological patterns observed suggest that remodeling is subject to modulation by intrinsic developmental factors, in addition to any effects of mechanical loading [41] . The cohesion within the patterns of remodeling in the three species examined suggests an underlying genetic basis to their similarity. Numerous workers, notably initiated by Bertram and Swartz [13] , have questioned the real explanatory power of the so called "Wolff's law" in the remodeling of bone. Results of this study accord with the notion that factors other than simple mechanical loading may be the primary determinants of skeletal remodeling. Additional vertebrate taxa need to be examined in order to resolve this issue more fully. Neither histomorphology nor cross sectional properties differ by side in our sample of human ulnas. The lack of such asymmetry in haversian structures suggests that habitual asymmetric loading under normal circumstances is too subtle to permit detection. This conclusion is opposite that of the traditional anthropological model of cortical bone haversian remodeling.
This work is a pilot study. In the future we hope to accumulate further data on the taxa already examined here, as well as to expand the sample and include wild specimens. Such work is already ongoing in our laboratory. One of the purposes of the principal components analyses presented here are to assess variation in cortical bone properties across species. As noted above, principal components derived are not correlated with one another, but the variables which describe the sample can be correlated with them to one degree or another. The correlation of variables with these components can then be used to describe how the components explain variance within the sample. When data from all three species are included in a principal components analysis, the first component, responsible for almost half the variance in the sample, is, not surprisingly, a size component. The measures of the geometric properties of the sections, which serve as proxies for size, correlate highly on that component. Osteon fragment density has a very high positive correlation with the second component while both osteon density and percent of field composed of solid bone correlate negatively. Osteon fragment density stands with a distinctively high correlation with the second principal component. Percent of the field composed of haversian bone correlates only slightly less highly. This component explains a quarter of the variance in the sample, and suggests that modeling and remodeling of haversian bone is a greater source of variation than the density of complete osteons in cross-species comparisons. This may be related to the wide size range of the species examined, or to differences in developmental ages of the specimens. In future research we plan to examine additional taxa of a greater size range and at additional developmental stages. In the other principal components analysis presented, only human specimens were included. In this analysis we examined variation within a single species (Homo sapiens) among three histomorphological variables: density of complete osteons, density of fragmentary osteons, and percentage of field composed of haversian bone. We found that osteon density is highly correlated with the first principal component, while fragment density is only poorly correlated with this component. Percent of field composed of haversian bone is highly negatively correlated with the first component. Osteon fragment density is highly positively correlated with the second component. These results suggest that within species, certainly among Homo sapiens, densities of complete osteons are independent of densities of fragmentary osteons. Future research will include examination of the effects of body size, developmental phase and rates of development on histomorphometric and geometric properties of cortical bone.
If, indeed, variation in histomorphological and cross sectional properties of cortical bone, particularly human cortical bone, owe more to underlying genetic regulatory mechanisms and less to environmental factors, then this throws into question assumptions made about activity levels or activity patterns deduced from cross sectional geometry and histomorphology of human cortical bone. Major studies which have shown bone hypertrophy in response to noninvasive loading [39, 40, 42] have been carried out on subadults. Similar effects on human adults have not been demonstrated. As has been shown here, there appears to be no significant effect in adults of asymmetric loading of the forelimb. Persistent scars of union of fractured bones in human adults are a further indication of the lack of response of bone tissue to mechanical loading in adults [5] . Further, it has been shown that when long bone length, age and sex are fully considered, perceived populational differences in femoral cortical thickness are nonsignificant [43] . All of these factors throw into question how much conjecture is permissible about human activities solely from evidence of skeletal remodeling. Indeed, in this study the most important determinant of variation in histomorphometry is that due to sex, which is clearly caused by differences in genetics and endocrine environments in males and females.
Within the diaphysis of a long bone, the primary site of ossification is approximately at midshaft (or more accurately located by the site at which the nutrient artery first penetrates the endosteum) and the diaphysis subsequently ossifies towards the two ends of the bone. Therefore, the midshaft has the oldest "ossification-age," with proximal and distal ends of the diaphysis having a younger "ossification-age." Since remodeling should in part reflect age, the evidence presented for a greater amount of remodeling at midshaft may at least partly be explained by the greater 'ossification-age' of the midshaft. Indeed, this supports the case for genetically controlled processes rather than Wolffian ones. Additionally, as has long been known, among mammals one end of a particular bone may grow much faster than the other. Humans demonstrate the typical mammalian pattern. In Homo sapiens, the more rapidly growing end (which is also that at which epiphyseal union is most delayed) in each of the major long bones is as follows: femur -distal; tibia -proximal; humerus -proximal; radius -distal; ulna -distal [44] . The bone in the "growing end" of the bone is therefore developmentally younger than the bone at the midshaft. The similar growth behavior of the knee epiphyses is largely a consequence of their origin within the same HOX territory and accounts for the marked stability of the crural index (femur/tibia) in the hindlimb but a much more varied brachial index in the forelimb, where the primary growth plates do not share a territory [45] . In our study this same pattern is revealed by the higher densities of haversian structures at midshaft. Additionally, the distal ends of the bones, which are developmentally younger than the midshaft and proximal ends, show gradually lower osteon densities from the midshaft to the distal end. This is especially apparent in the radius and ulna of Felis silvestris catus, and is clearly the result of genetically programmed growth, rather than as a result of mechanical loading.
CONCLUSIONS
Obviously the locomotor anatomy of Felis silvestris catus and Gallus gallus vary significantly from each other and from that of Homo sapiens, and loading environments for the human fore and hindlimb are substantially different from that of a cursorial quadruped or bird. However, it can be expected that the types of variation present in the appendicular skeletons of Felis silvestris catus and Gallus gallus will also evince themselves in other vertebrate species, including humans. There are many claims about the sensitivity of bone as a "dynamic tissue" with intricate responses to loading, yet the external morphology of left and right bones from an individual can match nearly perfectly and yet have nonidentical loading histories (forelimbs in humans for example). Data thus far collected suggest that this differential loading may be relatively unimportant as an influence on rates and patterns of skeletal remodeling in adult humans. We suggest that the underlying conservatism of regulatory genes affecting the skeletal system among vertebrates may be a much greater influence on skeletal morphology, both at the macroscopic and microscopic levels.
In summary, bone remodeling is not uniform throughout the skeleton. There is no universal, tissue-wide response of bone to age. Independent bones behave as independent organs, demonstrating substantial variation in remodeling, both among different skeletal elements, and within different regions of a single bone. Evidence presented here suggests that bone morphology, at both the microscopic and macroscopic level, is largely the result of genetically controlled processes.
ACKNOWLEDGMENTS
This research is supported in part by the New York Chiropractic College Department of Clinical Anatomy, Department of Research, and Division of Academic Affairs. We wish to thank the reviewers for their comments, which have been of immense value. We would like to thank one particular reviewer for insights regarding the growth processes of bone. Appendix A2. Factor scores for individual specimens of Homo sapiens included in the principal components analysis presented in Table 8 . SPECIMEN = individual cadaver. BONENUMB: 1 = femur, 2 = tibia, 3 = humerus, 4 = radius, 5 = ulna. AGE = chronological age in years. SEX: 1 = male, 2 = female. FAC1 -FAC3 indicate the factor scores for the individual section on the three derived principal components. Appendix A3. Factor scores for individual specimens included in the principal components analysis presented in Table 9 . KEY TO THE SPECIMEN NUMBERS: In the specimen number, Cat indicates that this is a section from Felis silvestris catus. Chk or Ch indicates that this is a section from Gallus gallus. LF, RF = left and right femur. LT, RT = left and right tibia. LH, RH = left and right humerus. LR, RR = left and right radius. LU, RU = left and right ulna. LFUR, RFUR = left and right furcula. Numerals 1 through 9 indicate that the section is taken at 10% through 90% of the bone's length from it's proximal end. All human specimens are taken at the 50% section of the left and right ulnae. The specimen numbers of the human sections indicate cadaver number and whether the section is taken from the left or right ulna. FAC1 -FAC7 indicate the factor scores for the individual section on the seven derived principal components. 
